
c~tc



Navaleajsons Center

lu ttmc in*C w$ rwit was peafroaed at die Naval Weaponls ccarc-
durctlscyews )98* antIi ~panai*mteFfwttownderSmad the piope'ilant rcactic~n

OC~t$Gft4Zpfl~w f, a i"Ot o Theesults dso serve to de.mo nstate the

fluidS ftiq e - p*W Munifoc Advaxed Developrmar rtmun Rxgiwx LK'xnEce-
ment-636O9*$-Si4ojlea S0363 andaitv.fiixnkdepcndcn lRewn%ý Wts.

bchavwrofexp19.ivxserdalses nt ,iz d t d ew pnltzl. 2y

Ajprc' by

26 Mftci A.%j

Itc~k2Rde for pubhicadwtio

sccA141DirzcA~r



I ~Form AppwovdREPORT DOCUMENTATION PAGE W No. 07040 188

Pt~ko"Wh"gbur~mowhSWonhddMof Waioa b edme k uq M ho~n w ~pwpet kmepmk*~*ig Saw fa e~viskg kwbuommdk*...erhox.bt~rv.U.owoee. galwhVdn a
nu~iah~fl Swdimneeed oaolndeqig &W d ,eM4eiowi A Ah ~ofIedo n otimd Send cowiu opntd ft butWt f#den ornd may odhw upe.d of "W oloBctiof of Wdormflon,

kidudg sunad" fot "edqnbwdan. fo WaNogon HsedquVc 10, MOMcOnA for InfomW" OpeW11ons WW Reports. 1215 Jfemfrton Oavb Hgtwhwy. Suke 1204. Aington,

IVA Z=4= and IsSOwfb~e dI Uuiq"e vid Budges. Powewo.k Reducibi Projed (0700-01"5. WE~inglon. OC 20603.

1. A0ENCY USEONLY 0"iew*d WPNEORT DATE 3. REPRAT TYPE AMNDOAESCOVERED Aesearch;
S MAY 1990 September 1989 - January 1990

'4. TITUE NO ST11• IL FUNDING NUMBERS
A Planar Rocket Motor Model for Visualization
of Violent Reaction Due to Fragment Impact

L AUTHORS)

S. A. Finnegan, J. K. Pringle, J. C. Schulz, M. D. Alexander

7. PErd'OAMB OAow 71ON KNAS) AND AUXWOESS( L PERFOWMG ORGANIZATION

REPOW NUMBER

Naval Weapons Center
China Lake, California 93555-6001 NWC TP 7074

I, UPONSOAIUNMOWTOFM AGENCY NAME(S) AND AOCAEU(ES) io. SPONSORIWNIOTORfkG
AGENCY REPORT NUMBER

n1 SUPPLEMENARY NOTES

12L M1T•SUTIOWAYANAMIUTY STATi"ENT 12b. CISTIBUTIONCODE

Approved for public release; distribution is unlimited.

1I. A.TRACT N ,,m',,*,*

A .llI:.r model of a rocket motor with an inner bore has been developed to study reaction
mechanisms associated with fragment impact. The open architecture of the model allows impact
reaction events in the bore region to be recorded phicog•'phically. Results from gun firings of steel
spheres against planar rocket motor models are presented that demomn-.rate the utility of the planar
model as a research tool. Possible ise of tle model as a propellant screening test is also discussed.

14=. r IUBECT Ballistic impact Propellant reaction XDT 52 N.,MoWAA.

BVR Rocket motor 52 52
Planar model Violent reaction IS. PEM

1?. WC TAM CLA100 N SL S4XMGI*1V =X I&g~aia WIsCUNYV3.A..CA1ION iSL UWTAIMO OF A981RACT
OF amm O1un 1 PAO OFAMO11MAC

INOLASSSFIDD LINQASSRID UvISSFED SAR

NSN j~�.�00~.g Sm d Form 298 (Rev. 2 %)
Prasbed by ANSI Sid. 2M9-18
296-102



SECURITY CLASSIFICATION OF THIS PAGE (MWh Data Enfred)

SWnwd Form 2MS Sce (Rev. 2") SEUPTy CLASS*rATION OF THIS PAGE

UNcLASSIFED



NWC TP 7074

CONTENTS

Abstract ................................................................................. 3

Introduction ............................................................................ 3

Experimental Setup .................................................................... 5

Fixing Matrix ............................................................................. 7

Photographic Results .................................................................. 8
HTPB/AP Propellant .............................................................. 9
HEP-1 Propellant ................................................................ 15
HE--2 Propellant ................................................................ 16

Conclusions ........................................................................... !9

Recommnendtions ..................................................................... 19

References .............................................................................. 21

Appendixes:
A. Detailed Table of Test Configurations

and Results .................................................................. 23
B. Photographic Sequences for all Tests ................................. 27

Figures: ()
1. Planar Rocket t iotor Model ............................................... 4
2. Photograph of Test Setup .................................................. 5
3. Close-up of Target Area .................................................... 6 1S5on 1 Foron0_
4. Numbering Order for High-Speed RAHI

Photographs ................................................................... 8 TAB Q
5. Sketch of Debris Bubble Ignition Process .............................. 10 Uedo l.
6. Sketch of Propellant Debris -i.ation_.

Flow/Reaction Patterns ...................................................... 11,
7. Sketch of Crater Ejecta Reaction Pattern ............................. 13 bution/

.liablIty Coden
Sandv/tia or

1Ma 1 . Spoola2,



NWC TP 7074

8. Detonation Delay Times for HEP-2
Propellant (Tests 16 Through 22) ..................................... 17

9. Sketch of XDT Reaction Process ...................................... 18
B-i. Photographic Sequence for Test I ..................................... 28
B-2. Photographic Scquefxwe for Test 2 ...................................... 29
B-3. Pnotographic Scquence for Test 3 ...................................... 30
B-4. Photographic Sequence for Test 4 ...................................... 31
B-5. Photographic Sequence for Test 5 ...................................... 32
B-6. Photographic Sequence for Test 6 ...................................... 33
B-7. Photographic Sequence for Test 7 ...................................... 34
B-8. Photographic sequence for Test 8 ........................................ 34.,
B-9. Photographic Sequence for Test 9 ...................................... :6

B-10. Photographic Sequence for Test 10 ................................... 37
B-11. Photographic Sequence for Test II ................................... 38
B-12. Photographic Sequence for Test 12 ................................... 39
B-13. Photographic Sequence for Test 13 ................................... 40
B-14. Photographic Sequence for Test 14 .................................... 41
B-15. Photographic Sequence for Test 15 .................................... 42
B-16. Photographic Sequence for Test 16 .................................... 43
B-17. Photographic Sequence for Test 17 ......................... 44
B-18. Photographic Sequence for Test 18 .................................... 45
B- 19. Photographic Sequence for Test 19 .................................... 46
B-20. Photographic Sequence for Test 20 .................................... 47
B-21. Photographic Sequence for Test 21 ....................................... 48
B-22. Photographic Sequence for Test 22 .................................... 49
B-23. Photographic Sequenc-t for Test 23 .................................... 50

Table:
A-I. Detailed Results for Planar Rocket

Motor Model Test Firings ............................................... 24

L00

don

7 2



NWC TP 7074

ABSTRACT

A planar model of a rocket motor with an inner bore has been developed to
study reaction mechanisms associatecwith fragment impact. The open architecture
of the model allows impact and TIction events in the bore region to be recorded
photographically. Results from gun firings of steel spheres against planar rocket
motor models are presented that demonstrate the utiliky of the planar model as a
research tool. Possible use of the model as a propellant scretuing test is also
discussed.

INTRODUCTION

Bullet or fragment impact igainst cased propellant can cause an explosive
reaction through a number of mechanisms. The initial pressure transient may
product itnmediate reaction through shock-to-detonation transition (SDT). Gross
deformation and damage to the energetic material by a perforating fragment may
lead to reaction at a somewhat later time. Delayed mechanisms as a whole can be
lumped under the heading, bum-to-violent reaction (BVR) (Reference 1). Delayed,
impact-induced mechanisms that lead to detonation are usually described as X
(unknown mechanism)-to-detonation transiticn (YDT) reactions (Reference 2).

Study of delayed reaction phenomena is complicated by the fact that these
processes occur within the motor case and therefore are not visible from outside. A
previous report describes an inert, planar rocket motor model that was used to study
debris cloud formation at an inner bore resulting from tragment impact
(Reference 3). The model consists of a steel plate, a propellant simul.nt layer, an
air gap, a second propellant simulant layer, and a second stewl plate, as shown in
Figure 1. If the simulant is replaced with live propellant, this planar rocket motor
model can be used to study reaction phenomena associated with fragment impact.

3
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STEEL
SPHERE

AIR GAP

FIRST STEEL
SECOND

FIRST PROPELLANT PROPELLANT SECOND STEEL
LAYER LAYER PLATE

FIGURE 1. Planar Rocket Motor Model.

Because the bore (air gap) in the model is open rather than enclosed by a
cylindrical case, this region can be viewed and photographed with a high speed
camera during an impact test. Thus, the burning and violent reaction processes
(including ignition sites, reaction velocities, etc.) can be observed in the film
records after the test and can be characterized in detail. Similar information could, at
best, only be inferred from indirect measurements (e.g., pressure, temperature,
light, motion, debris sizes, and debris throw distances).

The planar model is, of course, only an approxim-ate representation of an actual
rocket motor. Curvature. and confinement effects due to the cylindrical geometry of
an actual motor have been eliminated. Therefore the results from planar model tests
must be regarded as largely qualitative; nevertheless, they provide reaction region
data that cannot be obtained any other way.

This report describes a set of experiments involving gun firings of steel
spheres against planar rocket motor model targets. Three different propellants (and
also a simulant material) were used. Tests were conducted over a wide range of
motor bo,-e sizes. In addition to providing information as to the types of inner bore
reactions likely in these propellants, the results serve, more generally, to
demonstrate the utility of the planar rocket motor model as a research tool.

The tests documented in this report can be viewed as a continuation of the inert
simulant, ballistic tests of Refercnce 3. These previous tests showed that projectiles

4
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exiting the rmar surface of a propellant layer (inner bore) may produce a large, cloud
of ejected propellant debris (debris bubble) and that ejection and breakup of
propellant material may be inhibited by the presence of a second propellant loyer
spacc 1 a short distance away (far side of bore). It was suggested ir. Reference 3
that the additional burn surface associated with the ejected material plays an
important role in subsequent BVR mechanisms. The purpose of the present tests
was to examine this roie using the planar rocket motor model.

EXPERIMENTAL SETUP

The experimental setup has been used in projccti!,- firings over the past several
years. A smooth-bore 20mm Mann barrel is attached to a Navy gun moat with a
large base and a heavy mass. The mass reduces the recoil and stabilizes b.he gun for
the critical aihning needed in these tests. The position of the gun. along with all of
the other components of fte test setup, is shown in Figure 2.

STRIP 3ER%•" ~ ~PLATE••••,•"

-: ~BLAST
SMOTOR . :SHIELD"

MODEL20m

FIGURE 2. Photowgmp of Test Setup.
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Downrange from the gun, two blast shields 6 to 8 feet apart protected the gun
from violent reaction in the test item (blast and fragments from a pressure buildup
or delayed detonation). These shields were also used as stripper plates to stop the
sabots. All projectiles we;re 3/4-inch-diameter mild steel spheres, saboted so they
could be fired in a 20mm gun. For these tests, all of the rounds were loaded with
19 grams of DuPont IMR 4198 powder. Tnis powder load gave consistent
velocities of approximately 3800 to 3900 ft/s.

A diffusing screen with reference lines on it was placed between the two blast
shields. This ss-reen wa3 used in conjunction with a Photec high-speed camera
running at 16,000 frames per second to determine projectile velocities.

The planar rocket motor model target was placed approximately one foot
beyond the second blast shield and directly in front of a second diffusing screen.
,This screen along with a Pastax high-speed camera running at 32)000 frames pcr
second was used to re-cord the projectile impact on the front surface of the target and
the subsequent reactions within. Figure 3 shows a target in place on a wocden
stand with a diffusing screen behind it.I

$~ iNM

FIGURE 3, Close-up of TMz Ar&t
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Projectiles were captured in a bundie of Celotex placed approxima.tely 20 feet
downrange from the target. A 1-inch Fteel plate, located further downmnge. served
as an additional projectile barrier. After the entire test series was completed, the
Ceiotex bundle was dismantled and most of the projectiles were recovered for
examination.

Two large flat mirrors, located some distance behind the experimental setup,
were oriented to reflect sunlight onto the two diffusing screens. Because of the
continually-changing position of the sun, final adjustments were made just prior to
each test. Even with this procedure, illumination was nearly lost for a few of the
tests

FIRING MATRIX

The thickness of the propellant layers in the planar model was 1.5 inches for
most of the tests (see Figure 1). TMie lateral ('Imensions varied from approximately
3 to 7 inches because scrap material was used for many of the tests. It is felt that
this variability did not have a significant effect on the test results. The end plates
were mostiy 1/16-inch, 4130 Fteel hardened to 370 BHN (Brinell hardness
number): although 1/16-inch mild steel was used in a few targets. The air gap
between the two propellant layers varied from between 0.25 to 7 inches.

A degree of lateral confinement was provided to the targets by the addition of
Plexiglas sik' walls. The use of Plexiglas allowed unobstructed viewing of
propellant reactions within the air gap. Only three tests were conducted without this
confinement: one to determine the influence of confinement and the other two to

study debris bubble expansion aid breakup processes over larger distances (i.e.,
without the second half of the target).

Three different propellants v. cre tested, HTPB/AP (Class 1.3) and two high
energy propellants (Class 1.1). These latter propellants were designated HEP- I
and HEP-2 in this report to avoid potential classification problems. In addition, the
HTPB/AP simulant used in Reference 3 was also tested.

HTPB/AP was selected as a baseline propellant because of its wide usage,
ready availability, safety (nondetonable under normal impact conditions), ease of
ignition, and becaur-, it has been extensively studied under dynamic loading
conditions (Reference 4). HEP- 1 was an EMCDB propellant; only two tests were
conducted with this material. HEP-2 contained RDX, HMX, and high energy

7
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p lasticizem. A delayed detonation process (XDT) was observed in some tests of
this material.

Twenty-three frings were conducted. The target configuration for each test is
given in Table A-1. The tests are not listed in chronological order, but are grouped
by propellant and for ease of discussion.

PHOTOGRAPHIC RESULTS

A detailed tabulation of high-speed camera results is contained in Table A-1.
Sequences of 12 high-speedi ,rames from each test, showing the various impact and
rzaction events, are contained in Figures B-I through B-23. References to frame
numbers in the text are keyed to Figure 4. Time between successive frames ranged
from 27 to 29 microseconds.

I FRAME j f FRAME j [ FRIAME 9

FRAME 2 JFRA.ME6 J [ FRAMEO 10

FRAME 3 FRAME 7 FRAME 11

FRAME [ FRAME8 FRAME 12

FIGURE 4. Numbering Order for High-Speed Phowgraphs.

Film quality varied considerably from test to test. Incorrect mimr" positioning
in some tests caused loss of illumination or allowed sunlight to reflect into the
camera lens. Occasiorial camera misalignment makes it appear as though the target
was not aligned properly with respect to the gun.

I: should be emphasized that the events described in this report are short-lived
(a milivscond or less). They represent BVR phenomena caused. by fragment or

8
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bullet impact through the center bore of a rocket motor. The words that are used to
describe reactions (e.g., "combustion" or "burning") refer almost entirely to events
associated with BVR and not to the much longer-lived, steady-state burning process
that often follows.

HTPB/AP PROPELLANT

Debris Bubble Expansion Process. The appearance of the debris bubble
as it expands outward from the rear of the first propellant layer is shown in a series
of high-speed photographs of Test I in Figure B-1. For this test, the second
propellant layer and second steel plate were not used, allowing unlimited expansion
of the bubble. The maximum velocity of the propellant debris at the front of the
bubble was 2473 ft/s, while the velocity of the projectile was 2611A ft/s.

Initial contact between the projectile and the first steel plate (Frame 2) resulted
in an intense, localized flash of light caused by combustion of inetal (,npact jetting)
and ionization of air. These transient phenomena, lasting between 30 and 60
microseconds, commonly occur during impact and are not to be confused with
propellant reaction. Some localized, short-lived propellant burning may also have
occurred at this time.

Approximately 30 to 60 microseconds after impact (Frame 3), the rear surface
of the propellant layer began to expand outward, beginning at the projectile exit
point. Initially, the deformed surface (debris bubble) took on a bell-like shape, but
with cntinued expansion it became more tear-shaped (Frames 10 through 12).

At expansion distances less than approximately five inches (ste.rting from the
rear surface of the propellant layer), the bubble was opaque; at a distance of
approximately six inches (Frame 9), the bubble began to break up along the front
edge; and at a distance of approximately eight inches (Frame 11), breakup was
substantially complete. Also, at a distance -f approximately six inches, the
projectile emerged as a distinct object near the front of the bubble and at greater
distances (Frames 10 through 12), began to outdistance the more rapidly
decelerating propellant material.

Inspection of the high-speed photographs revealed no evidence of itaction in
the debris bubble. Other ..vidence of "cold" propellant debris included succeidul
entrapment of the debris in a box of cotton batting. Ignition in this situation is
unlikely because breakup involves mostly tensile processes (Reference 3), and
other studies indicate that impact-induced ignition of this propellant is d-z to shear
deformation (Reference 4).

9
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Debris bubble Impact Process (Unconfined Air Gap). In Test 2,
the second propellant layer and second sreel plate were included. The air gap for
this experiment (3.0 inches), was larger than that for most of the tests against the
inert simulant (1.9 inches) so that in-bore proce:,ses could be observed over a
longer amn. As with the first test, the air gap between the two propellant layers was
left open (no Plexiglas surround). Figure B-2 contvinh a series of high-speed
photographs showing the impact process for this test.

Prior to impact with the second propellant layer (Frames 1 through 6), the
penetration and reaction behavior were similar to those ot Test 1. The first
si-gnificant change occurred upon impact of the debris bubble with the second
propellant luyer (Frame 7), and involved ignition of propellant along the impact
surface beginning at the point of initial contact. A sketch of the ignition process is
shown in Figunm 5.

SI EEL
SPHERE

IGNITED
~.............PROPELLANT

5j~
t

252. Si ~ '~2 ~i ?
5 5 5

~.5 ~STEEL S

g~j~.%fls P.LATE

PROPELLANT
LAYER

~~P~/S~BUBBLE

FIGURE 5. Sketch of Debris Bubble Ignitkm Process

From the point of ignition, the reactioni spread both laterally along the contact
surface an back toward the first propellant layer (Frames 8 through 12). In front
of the targc4 rearwardi-moving propellant eject&, resulting ftrom impact of the first
propellant layer ignited afer a period of time (Frmie 11). After a much longer
period of time (not shown), propellant debris resulting 12rom perforation of the
second propellant layer ignited to the revr of the, target. Most of the propellant

10
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material, in this test was consumed. A Mo~wer speed video film of the test showed
large pieces of burning propellant being thrwn o%&z from the. test flxwre.

Debris Bubble Impact h~ocesa (C.Onufincd Air Gap). Test 3 was a
repeat of Test 2, but with the addition of a Plexiglas surround to provide somne
confinement for reaction enhancement. Figure B-3 is a sequence of high-speed
photographs from this test. The maximum velocity of the debtris bubble within the
air gap was estimated .i 2331 ft/s. whilt~ the terminal velocity of the projectile after
complete penetration of the target was 1697, ft/s.

Ignition of the debris bubble occurred in Frame 6, at the same location as in
Test 2. The reaction was more energetic and longer ltszting; the Plexiglas cover
shattered into many pieces; and, as in Test 2, most of the propellant was
consuniad.

Inspection of Francs 7 through 9 iindicates that reaction occurred primarily in
the region sunteunding the debris bubble rather tha in the bubble itself, This
observation is interpreted to m :an that reaction was primazijy takcing place in debris
that had been deflected latcally along the second propellant layer and rearward at
the Plexiglas surround. A sketch of a proposed flow/reaction pattern for the post-
impact debris (assuming inelastic impacts) is shown in Figure 6.

IGGNITEDSTE
DEBRIS ~SHR

STEEL
* PLATE

flitt,%'s'tt *.'-iPROPELLANT'

% ~ .JJt %j I %,I DE RI

S. ~ ~ ~ PLEXIGLAS

FIGURE 6. Sketch of rw~pclmu Debris Fn.Irucbond Fattems.
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Air-Gap Influence on Reaction Process. A series of three tesis were
conducted to look at the influence of the air gap on ignition and burning processes.
Plexiglas was used to enclose the sides of the target as in Test 3. Air gaps of 1.5,
3, and 7 inches were compared.

At the two smaller distances (1.5 and 3 inches), the projectile was still
submerged within the debris bubble when the bubble struck the second propellant
layer. It is possible, therefore, for propellant debris to be ignited by becoming
compressed between the projectile and the second propellant layer during impact.
Conversely, at the largest distance (7 inches), the projectile was clearly at the front
of the debris bubble, which suggests that ignition by impacting projectile and
propellant debris should occur more-or-less independently.

Propellant samples for Tests 4 throu.-h 11 and 13 were cut from different
parent material than those for Tests I through 3. Test 4 was a repeat of Test 3 to
ensure that penetration and reaction processes werc the same for both materials. A
comparison of the results, in Figures B-3 and B-4, shows essentially no difference
in the b-havior for the two tests.

The reaction appeared to be more energetic when the air gap was reduced to
1.5 inches (Test 5). When the gap was increased to 7 inches (Test 6), there was a
significant reduction in reaction intensity. The shape of the reacticn zone (rearward.
facing cone) was also quite different for a 7-inch gap (Figure B-6, Frames 10
through 12), although it still appeared to be associated with debris from the first
layer. In this case, however, the impacting debris cloud formed a large number of
microcraters on the surface of the second layer. Burning ejecta from these craters
traveled rearward through the interior of the debris bubble as seen in Figure 7,
rather than around the bubble as seen in Figure 6. The ejecta system in Figure 7
should occur to some degree in all of the impacts. For small air gaps, however,
reactions involving this system are probably obscured by the more dominant
outward-flowing debris system.

12
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FIGURE 7. Sketch of Crate Eject Reaction Poem.

Debris Cloud Ignition Studies. Results of the first six tests showed that
reaction started at the point of initial contact between the debris bubble and the
second propellitt layer. The limited resolution of the high-speed photographs
prevented a detailed study of the ignition process in this area. It would appear,
however, that the primary ignition mechanism was associated with the impact of the
projecie and might involve sandwiching of propellant debris between the pmjctile
and the second propellant layer. There was no evidence of ignition of individual
popellant particles impacting the second layer.

To examine the ignition and burning process in more detai!, a series of five
targets containing combinations of live and inert propellant were tested. In three of

* the tests (Tests 7 through 9), the second propellant layer was replaced by inert
, simulant. The air gaps for these tests were 3, 1.5, and 7 inches, respectively. In

the other two tests (Tests 10 and 11), the first layer was replaced by simulant. The
air gaps for these tests were 3 and 7 inches, respectively.

Figures B-5 and B-8 compare the reactions for targets with the same air gap
(1.5 inches) and either (a) two live propellant layers (Test 5) or (b) first layer live
and second layer inert (Test 8). Initially, the reactions were similar. However, at
later times, the reaction in the target with two live propellant layers appeared more
enargc. Similar differences in reaction intensity occurred for air gaps of 3 inches

1
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(Tests 4 and 7) ard 7 inches (Tests 6 and 9). These differences are probably due
to the larger amount of "ignitable" material available in the live-live tests.

For tests wher the first propellant layer was replaced by simulant (Tests 10
and 11), no sustained reaction occurred. There was only a brief flash when the
debris bubble impacted the re"•,'od layer (Figure B-10, Frame 7, for example).
Apparently, sustained reaction along the surface of the second propellant layer is
4u,- to combustion of debris from the first layer bubble. This observation provides
additional support for the reaction model proposed in Figure 6.

Aithough the sustained reaction changed when one of the propellant layers was
replaced by simulant, the initial ignition flash did not. In other words, the
"intensity" of the ignition light and the shape of the light envelope were similar for
Tests 3 through 11. All of the ignition light envelopes tended to be irregular in
outline. This suggests that ignition could occur in a number of separate sites wound
the initial impact point. The existence of a ,.umber of separate ignition sitW is
usually interpreted in terms of a "hot spot" ignition model involving mr. kind of
localized heating process (e.g.,, adiabatic shearing, void collapse, c- fracture of
energetic particles) (References 4 and 5). Jetting processes along the interface
between the projectile and the second layer may alsv be imprtt.

A target with two inert propellant layers was used Test 12) to generate a light
signature under completely inert conditions. The result, shown in Figure B-12,
was inconclusive. The first frame showed that contact between the debris bubble
and the second layer occurTed too late to view the impact flash at its numimum.
Even so, the light appeared to be much dimmer than foi im-acts involving eneretic
Material

Crater Ejects Ignition Study. The dominant reaction in targets with a
large air gap appears to be associated with debris v:loud material ejected from
microcraters on the surface of the layer (Figure 7). To study impact cratering
effects caused by projectile and plate fragment impacts alone, Test 13 was
conducted on a target with a first steel plate, but no first propellant layer. The
velocity in the air gap was higher in the absence of the first propellant layer
(aproximatiely 3400 A/s versus 2400 ft/s). Hence, the results of this test are not
directly comparable to the other tests. Results for Test 13 are shown in Figure B-
13. They indicate a substantial increase in reaction compared tc, the test with an inert
fimt layer (Test 1I). This is consistent with the. 1iher impact velocity of the! ~~proecile wid plm fipments • •za .

ad.'famn tme second layer.

Comparison With Prior Tests Using Inert Simulant. Prior
experiments showed that projectile perforation of an inert propellant layer resulted

14
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in a bubble of propellant debris being ejected from the rear surface (Reference 3).
These experiments also showed that the amount of breakup of the debrs could be
reduced if the breakup process was interrupted as a result of impact with a second
propellant layer spaced a short distance away. Interruption of the breakup process
resulted in formation of long strips of partially fractured, "shredded" material.

The present experiments show that ignition of propellant ejecta within the bore
' ;is a major cause. of BVR. These experiments also show that reaction intensity

depends not only on the amount of burn surface created but also on the separation
between the particles. The most energetic reactions occur at relatively small air gaps
where the debris cloud is compressed as it collides with the second propellant layer
and then flows outward, fluid-like, along the surface. Conversely, the least
energetic reactions occur at large air gaps wlere particle separation is large.

It is interesting to note that the most energetic reactions in the present
experiments occur under conditions where interference by the second propellant
layer produced "shredded" debris in the earlier inert tests. The fluid-like flow
pattern for the post-impact debris depicted in Figure 6 is also found under these
same conditions.

HEP-M PROPELLANT

The amount of HEP-M propellant available for testing consisted of one
1.4-inch- and four 0.5-inch-thick slabs of 6-inch-diameter material. As a result,
only one test (Test 15) of a complete target system (using two layers of propellant)
could be made. In addition, one test (Test 14) of a half-target (consisting of a cover
plate and one layer of pr-pellant) was also made to study debris bubble
characteristics. The two tests, similar to Tests 3 and I for HTPB/AP propel&n,:.
allowed comparison of the two propellant types. To make th-e comparison as
meaningful as possible, the 1.4-inch-thick piec- of propellant was used as the first
layer in the full target system, while two of the 0.5-inch pieces, sandwiched
together, were used as the second layer, and also in the half-target system.

The results of the half-target test are shown in Figure B-14. Because of the
reduced thickness of the propellant layer (and possibly its sandwiched
construction), a comparison with the comparable test involving HTPB/AP is
qualitative. The apparent reduction in opacity of the debris bubble, indicative of
fewer particles, was probably caused by the reduced thickness of the initial layer.
On the other hand, the absence of reaction in the bubble was probably =ot related i
the initial thickness, but rather to fundamental deformation/fracture processes. As in
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Test 1, propellant debris was successfully recovered in cotton batting, which
confirmed that it was cold.

Results for the complete target system are shown in Figure B-15. Like the
HTPB/AP propellant, reaction occurred upon impact with the second propellant
layer, although it was less energetic. Essentially all of the propellant wwt recovered
(mostly in a few large pieces) after the test. The Piexiglas surround was blown
apart during the test, although it did not shatter as in the test with HTPBIAP
(Test 3).

HEP-2 PROPELLANT

The main purpose of this particular set of experiments was to examine the
possibility of a delayed d6,onation (XDT) being initiated by the impact of a debris
bubble composed of hig~h-energy propellant. Studies involving the impact of
cylindrical specimens of propellant material on steel ba.-riers (Reference 2) have
shown that sensitivity to XDT varies directly with the amount of damage suffered
by the propellant during impact (a function of impact velocity) and also with the size
of the ample. It appeared that the best way to trigger a XDT rewtion using a planar
motor configuration would be to produce the largest, highest-velocity debris bubble
possible and then vary its characteristics (i.e., the amount of ejected mass, degree
of damage, and particle sizes) by changing the width of the air gap until threshold
conditions for XDT were met.

HEP-2 samples were all 3 by 4.5 by 1.5 inches. The lesser lateral dimension
(3 inches) is about the same as the diameter of the crater produced in inert simulant
under the same impact conditionr and for a 1.9-inch air gap (Reference 3). It was
felt that this was sufficiently large to avoid edge effects (except, possibly, for large
air gaps).

Two kinds of experiments were conducted with HEP-2. Six tests (Tests 16
through 21) were conducted on targets containing only live material. The air gap
was varied between 0.25 and 3.0 inches. In addition, two tests (Tests 22 and 23)
were conducted on targets with inert second layers (HMT/AP simulant). Air gaps
of 1.0 and 1.5 inches were used for these targets.

Detoaution in Live HEP-2. For air gaps of 0.25 and 3.0 inches, the
debuis bubble ignited upon impact with the second propellant layer, but the ensuing
reaction diW OUL For air gaps between 0.5 and 2.5 inches, however, detonation
occurred &ftr debris bubble ignition.
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The time delay between debris bubble impact and detonation charged with the
width of the air gap, as shown in Figure 8, and also in Figures B-18 and B-20.
For example, with a 2-inch air gap (Figure B-18), detonation occurred immediately
after impact (Frames 8 and 9), while with a 0.5-inch air gap (Figure B-20),
detonation occurred 6 frames after impact (Frames 4 through 10), and after
complete perforation of the target (Frame 9). Detonation is indicated by gross
overexposure and almost complete loss of detail in the remaining frames of the
sequence.

4W0
1'~ ~ 0- FROMd IMPACT

----- FROM IGNmION

AIR GAP. m. ' 5 ;'

3W0•:,"-"/ NO DETONATION ,. . ., ;•.,...,.'

200 •;• ;i;•:o.

FlIGURE 8. fleontion Delay Toms for HEP-2 Propeliant (Tests 16 Through 22).

lHased on the delay time between imnpact and detonation, all detonations were
classified as XDT reactions. For the test with the 2.0-inch air gap (Figure 18),
detonation occurred less than 30 microseconds (one frame) after debris cloud
inlpaL From the projected film (but not from the still frames in Appendix B), it can
be seen that the second propellant layer detonated sympathetically approximately 2
frames (60 microseconds) after the first layer. This indicates that a detonation front
must have traveled back throgh the incoming debris bubble to the first layer, as
sketched in Figure S..
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DETONATION

O 
STEEL

FRONT • J1 SPHERE

STEEL
PLATE

S........... .... P.ROPE

DEBRIS
BUB=BLE

PLEXIGLAS

FIGURE 9. Sketch of XDT Reaction Process.

For the. test with the 2.5-inch air gap (Test 17, Figure B-17), the second
propellant layer did not detonate, although the first layer clearly did. Apparently,
this air gap is sufficiently wide to prevent sympathetic detonation. The time delay
for detonation also increased at this air gap beyond a value attributable to the
increased width alone. The reason for this large delay is not known.

Effect of Inert Second Layer. The test involving a target with an inert
second layer and wit" a 1.5-inch air gap (Test 22) resulted in an XDT reaction.
Detonation occurred immediately after the debris bubble impacted the second
propellant layer. This result is similar to that observed for a 2-inch gap with both
layen live. The test involving a target with a LU.-inch air gap (Test 23) resulted in a
transient burning reaction within the air gap that did not transition to detonation.

The concept shown in Figure 9 may not apply for delayed detonations
occurring in very small air gaps. The lack of detonation in the 1.0-inch air gap test
indicates that the second propellant layer is involved in initiating XDT for small air
gaps. An inspection of the impacted surface of the second propellant (simulant)
layer in Ten 23 showed considerable cratering in the center of the impact area.
Similar cratering was also noticed in the same crea for Test 12. Thus, cratering of
the second layer might become a major influence at small air gaps.

18
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CONCLUSIONS

1. Through the use of a planar rocket motor mode!, considerable qualitative
information can be obtained regarding BR phenomena at an inner bore. ThM. ilanar
rocket motor model thus becomes a useful research tool for examining inner bore
reaction phenomena.

2. Debris bubble formation and material breakup at the rear of a propellant
layer appear consistent with results of prior ballistic tests with inert material.

3. The cloud of debris ejected from the rear of the first propellant layer remains
essentially cold (mureacted) unless the cloud contacts a second propellant layer. If a
second layer is not prmseni, the cloud does not react.

4. Reaction is initiated when the projectile strikes the second layer. Reaction
does not appear to be caused by propellant debris striking the second layer.

5. With HTPB/AP propellant, burning occurs for a range of air gap spacings.
Flame from tht ignition point on the second layer reaches the first layer either by
means of flow around inside ot the box or, posibly, by means of a burning cloud
of material from the second layer projected back inside the cloud from the first
layer.

6. With the HEP-2 propellant, a delayed detonation (XDT) uccurs over a range
of air gap spacings. A detonatio4 front appears to travel backward through the
debris cloud toward the first propellant layer. Wcn it reaches thn first layer, thiis
layer detonates. The seond layr then detonawes sympathetically.

RECOMMENDATIONS

I. Additionai parametric studies should be conducted on these same propellant
materials to look at 6c influerce that other test variables such as projectile shape,
impact velocity, web thickness/geometry, case materials, and confinment have on
BVR processes.
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2. Tests should be conducted using different propellants. This is necessary h.
order to (a) build a rnore comprehensive database, (b) establish the validity of
reaction models discovered so far, and (c) determine sensitivity limits (error bars)
for the test procedure.

3. The relationship between the reaction evenms occurring in planar motor tests
and those ocmurr.ng in &tW motors should be determined. In particular, the effects
of curvature and confinement must be assessed. This might be accomplished by
conducting test with a cylindrical motor section and jphotographi~g axially down
the bore.

4. The planar rocket motor model may have potential for use as a screening test
for propellant sensitivity. This would require that a saitable burning debris velocity
or propagation limit be found that could be equated to r.action violence. These tests
would be relatively Inexpensive and easy to perform. A planar motor model
composed of plates and propellant slabs is easier to fabricate than a cylindrical
model. Only a high-speed camera is required for instrumentation. Alignment (firing
to hit the center of the bore) is not critical.

5. The test procedure should be refined and improved. As discussed in
previous sections, tOe results obtained so far have, been uneven because of
backlighting problems; transient light effects; nonuniform propellant dimensions,
shapes, and surface findshes; and nonstandard target fabrication procedures. Faster
camera speeds would eiso Allow for more accurate evalh ation of results.

20



NWC TP 7074

REFERENCES

1. Graham, K. J., R. G. S. Sewell, and J. K. Pringle. "An Event Tree Model for
the Fragment Initiation of Cased Explosives and Propellants," Second
JANNAF Propulsion Systems Hazards Subcommittee Meeting, CPIA 356,
Vol. 1 (April 1982), pp. 243-57.

2. Butcher, A. G., K. P. McCarty, R. L. Keefe, and E. J. Blommer. "A
Summary of the Mechanisms of Delayed Detonation," 20th JANNAF
Combustion Meeting, CPIA Pub. 383, 1983.

3. Finnegan, S. A., J. C. Schulz, 0. E. R. Heimdahl, J. K. Pringle, and
A. J. Lindfors. "Impact-Induced Shredding Damage to Cased Elastomeric
Propellant," 1989 JANNAF Propulsion System Hazards Subcommittee
Meeting, San Antonio, Texas, February 1989.

4. Ho, S. Y. "The Mechanism of Impact Ignition of Energetic Materials," Nin:h
Symposium (International) on Detonation, 1989, pp. 453-61.

5. Coffey, C. S. "Initiation of Explosive Crystals by Shock or Imvact," Ninth
Symposium (International) on Detonation, 1989, pp. 864-70.

21



t
NWC TP 7074

Appendix A

DETAILED TABLE OF TEST CONFIGURATIONS
AND RESULTS
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I

Appendix B

PHOTOGRAPHIC- SEQUENCES FOR ALL TESTS
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